Future Directions in Synchrotron Environmental Science
at the APS:
A Summary of Recent Planning Activities and Recommendations
for Future Development

Prepared by Steve Sutton (University of Chicago), Ken Kemner (Argonne National Laboratory),
Shelly Kelly (Argonne National Laboratory) and Paul Bertsch (University of Georgia)
November 4, 2004

Our nation, and the world, currently faces the daunting task of characterizing, treating
and/or disposing of vast quantities of contaminated materials including high-level nuclear
wastes, mining and industrial wastes, atmospheric pollutants, and agricultural pollutants, all of
which have major impacts on human health and welfare. To address these problems, both
fundamental and targeted studies of complex environmental systems at the molecular level are
needed. Synchrotron radiation studies provide the precise information needed to understand
these complex systems at the molecular level (see attached bibliography), thereby advancing our
knowledge of processes that cannot be otherwise directly studied. The increasingly significant
role of synchrotron radiation in the study of environmental systems has led to a rapidly growing
field that has become known as “molecular environmental science (MES)”.

Adequate resources at the Advanced Photon Source (APS) dedicated to MES research are
required to meet current and future demands. The demand for beam time is of two kinds: users
conducting individual experiments and established research programs requiring extended access.
At the time of this summary, no dedicated stations for MES research existed at the APS, whereas
such stations do exist at each of the other DOE-supported synchrotrons.

Planning for future MES research at the APS has taken four forms as summarized below.

“Synchrotron Environmental Science” Workshops: ANL has led the way in developing the
synchrotron environmental science community through two workshops (Synchrotron
Environmental Science workshops) held at the APS in Spring 1999 (SES-I), and a follow-up
workshop (SES-II) held at the APS in Spring, 2002. The SES workshops, attended by up to 150
participants, brought synchrotron scientists together with environmental scientists to explore
opportunities for using synchrotron radiation in environmental science research including
tutorials to help foster collaborations between the environmental and the synchrotron scientists.
SES-III is planned to be held in New York during 2005. The large turnout at these workshops
demonstrates the growing interest in MES research.

EnviroSync: EnviroSync (http://envirosync.org; S. Sutton, chair) is a national organization
representing the growing community of MES synchrotron radiation users in the U.S.. A recent
60-page  EnviroSync report (http://www.slac.stanford.edu/cgi-wrap/getdoc/slac-r-704.pdf)
entitled “Molecular Environmental Science: An Assessment of Research Accomplishments,
Available Synchrotron Radiation Facilities, and Needs” includes the following recommendations
for enhancing US facilities: increased operations support for existing stations, increased station
availability and increased support of essential equipment. Station availability increases might be
achieved by redirection of existing stations, new stations, and/or enhanced access to innovative
instrumentation.



http://envirosync.org/

“Future Directions in Synchrotron Environmental Science” Workshop: This workshop, held
in conjunction with the 2004 Advanced Photon Source Users Meeting, was the first in a series of
workshops on “Future Scientific Directions for the Advanced Photon Source”, a study organized
by Gopal Shenoy (APS) and Sunil Sinha (UC-San Diego). Invited speakers represented a variety
of environmental science endeavors including biogeochemistry, actinide speciation, mineral-
water interface processes, contaminant transport, remediation technologies, and analytical
instrumentation. Participants agreed that greater recognition of the specialized needs of the
environmental science synchrotron user community is needed in large part because
environmental samples are among the most demanding of those brought to a synchrotron facility.
Additionally, the nature of the samples can vary significantly as do the requirements to handle
these samples under carefully controlled environmental conditions. These specialized
requirements suggest that science-focused facilities/beamlines should be considered for
environmental science research in addition to more distributed resources. The synchrotron user
community representing environmental sciences has experienced dramatic growth over the past
decade and it is likely that the user base could double over the next decade if dedicated and fully
supported facilities are made available to the community.

EnviroCAT: A new sector dedicated to environmental science has been proposed to the APS
(S. Sutton, EnviroCAT Acting Director). A Letter of Intent was approved by the Program
Evaluation Board in 2002. In 2003, a Scientific Proposal was submitted to the Scientific
Advisory Committee entitled “Proposal to the Advanced Photon Source Scientific Advisory
Committee for an Environmental Science Collaborative Access Team and Sector.” The SAC
requested a revised proposal with a clearer definition of the biological component of the project
and more details and expansion of the sector design. A revised proposal is expected to be
submitted to the SAC at its 2005 meeting. The proposed management plan calls for 50% beam
time allocation to Institutional Members and 50% to General Users. Thus, half of the project
costs would be covered by institutional funds and the other half by a federal grant. EnviroCAT
currently has three Institutional Members: Argonne National Laboratory — Environmental
Research Division, Environmental Protection Agency- National Risk Management Research
Laboratory, and the University of Notre Dame. USDA is another potential member as part of the
recently approved Multi-State Project entitled "The Chemical and Physical Nature of Particulate
Matter Affecting Air, Water and Soil Quality".

Recommendations

A compelling case exists for the development of additional experimental stations for
MES research at the APS, primarily focused on microscale techniques, such as microXAFS.
This expansion can be accomplished in several ways:
Development of a New Sector: This option is the preferred approach, greatly increasing the
amount of dedicated beam time for MES research, maximizing scientific productivity by giving
control of the beamline operations to MES scientists and allowing optimization of
instrumentation for MES experiments. This option is also the most expensive approach and
insufficient monetary support has been identified at this time by the EnviroCAT group.
Partnering between EnviroCAT and the APS in the development of a new sector is an option.
Reassignment of an Existing Sector: This approach will also greatly increase the available beam
time dedicated to MES research and at a reduced cost compared to development of a new sector.
The trade-off is that any existing sector will not be perfectly suited for MES experiments and
substantial upgrading should be anticipated. Existing EnviroCAT funding commitments are



sufficient to support the operation of an existing sector. Sector 32 is a candidate sector. As
above, partnering between EnviroCAT and the APS in the operation and upgrade of an existing
sector is an option.

Augmentation of an Existing Sector: This option will increase the available beam time for MES
research, is the least expensive approach, but will have limited effectiveness. Extensive
undulator beam time (required for these brilliance limited experiments) is unavailable for this
purpose at existing sectors. In addition, the merging of disparate management styles and
scientific programs will lead to inefficiencies and reduced scientific productivity. It should be
noted that two of the current EnviroCAT institutional members (ANL-ER and U. of Notre Dame)
are currently members of MR-CAT (Sector 10), a logical sector where such an augmentation
might be pursued.

The APS has a tremendous opportunity to expand its impact on human welfare issues
related to environmental challenges. Greatest impact will be realized through the dedication of a
full sector operated by MES scientists. Augmentation of existing sectors with new MES
programs will be less effective but valuable nonetheless. In all scenarios, the key to success will
be the presence of beamline scientists knowledgeable in environmental science problems willing
to collaborate with users with broad differences in experience.

Synchrotron Environmental Science Bibliography
(Representative Publications Based on Reference List in **)

Allen, P.G., Siemering, G.S., Shuh, D.K., Bucher, J.J., Edelstein, N.M., Langton, C.A. Clark, S.B., Reich,
T., MA Denecke, M.A. (1997) Technetium speciation in cement waste forms determined by X-ray
absorption fine structure spectroscopy, Radiochimica Acta 76, 77-86.

Bedzyk, M. J., and Cheng, L. (2002) X-Ray standing wave studies of mineral and mineral surfaces:
principles and applications, in "Applications of Synchrotron Radiation in Low-Temperature
Geochemistry and Environmental Science", ed. P. Fenter, M. Rivers, N. C. Sturchio and S. R. Sutton,
Reviews in Mineralogy and Geochemistry, vol. 49, 221-266.

Berner RA, Lasaga AC, Garrels RM (1983) The carbonate-silicate geochemical cycle and its effect on
atmospheric carbon dioxide over the past 100 million years. Am. J. Sci. 283, 641-683.

Blanchard, D.L., Brown, G.N., Conradson, S.D., Fadeff, D.K., Golcar, G.R., Hess, N.J., Klinger, G.S.,
Kurath, D.E. (1995) Technetium in Alkaline, High-Salt, Radioactive Tank Waste Supernate:
Preliminary Characterization and Removal, PNNL-11386, PNNL, Richland, WA.

Blute, N. K., D. J. Brabander, H. F. Hemond, S. R. Sutton, M. G. Newville, and M. L. Rivers (2004)
Arsenic sequestration by ferric iron plaque on cattail roots. Environ. Sci. & Technol., in press.

Boyanov, M.L,, Kelly, S.D., Kemner, K.M., Bunker, B.A., Fein, J.B., and Fowle, D.A. (2003) Adsorption
of cadmium to B. subtilis bacterial cell walls—A pH dependent XAFS spectroscopy structural study.
Geochimica et Cosmochimica Acta 67, 3299-3311.

Brooks, S. C., J. K. Fredrickson, S. L. Carroll, D. W. Kennedy, J. M. Zachara, A. E. Plymale, S. D. Kelly,
K. M. Kemner, and S. Fendorf (2003) Inhibition of Bacterial U(VI) reduction by calcium. Environ.
Sci. Technol. 37 1850-1858.

Brown, G. E., Jr., and N. C. Sturchio (2002) An overview of synchrotron radiation applications in low
temperature geochemistry and environmental science. In “Applications of Synchrotron Radiation in
Low-Temperature Geochemistry and Environmental Sciences”, RiMG 49, 1-116, ed. P. Fenter, M.
Rivers, N. Sturchio and S. Sutton, Min. Soc. Am.

Brown, G.E., Jr., Foster, A.L., Ostergren, J.D. (1999) Mineral surfaces and bioavailability of heavy
metals: a molecular-scale perspective. Proc. Nat. Acad. Sci. USA 96, 3388-3395.



Brown, G.E., Jr., Henrich, V.E., Casey, W.H., Clark, D.L., Eggleston, C., Felmy, A., Goodman, D.W.,
Gritzel, M., Maciel, G., McCarthy, M.1., Nealson, K., Sverjensky, D.A., Toney, M.F., Zachara, J.M.
(1999) Metal oxide surfaces and their interactions with aqueous solutions and microbial organisms.
Chem. Rev. 99, 77-174.

Catalano, J. G., J. A. Warner, C-C, Chen, I Yamakawa, M. Newville, S. R. Sutton, C. C. Ainsworth, J. M.
Zachara, S. J. Traina, and G. E. Brown, Jr. (2001) Speciation of chromium in Hanford Tank Farm
SX-108 and 41-09-39 core samples determined by X-ray absorption spectroscopy. In:
Groundwater/Vadose Zone Integration Project Report, S-SX FIR Appendix E, Digest of S&T
Evaluations, E-145-E-162.

Cheng, L., Fenter, P., Nagy, K. L., Schlegel, M. L., and Sturchio, N. C., (2001) Molecular-scale density
oscillations in water adjacent to a mica surface, Phys. Rev. Lett., 87(15) 156103(1-4).

Clark, D.L., Conradson, S.D., Donohoe, R.J., Keogh, D.W., Morris, D.E., Palmer, P.D., Rogers, R.D.,
Tait, C.D. (1999) Chemical speciation of the uranyl ion under highly alkaline conditions. Synthesis,
structures, and oxo ligand exchange dynamics. Inorg. Chem. 38, 1456-1466.

Clark, D.L., Conradson, S.D., Neu, M.P., Palmer, P.D., Runde, W., Tait, C.D. (1997) XAFS structural
determination of Np(VII). Evidence for a trans dioxo cation under alkaline solution conditions. J. Am.
Chem. Soc. 119, 5259-5260.

Duff MC, Hunter DB, Triay IR, Bertsch PM, Reed DT, Sutton SR, Shea-McCarthy G, Kitten J, Eng P,
Chipera SJ and Vaniman DT (1999) Mineral associations and average oxidation states of sorbed Pu
on tuff. Environ Sci Technol 33:2163-2169.

Duff, M.C., Hunter, D.B., Triay, L.R., Bertsch, P.M., Reed, D.T., Sutton, S.R., Shea-McCarthy, G.,
Kitten, J., Eng, P., Chipera, S.J., Vaniman, D.T. (1999) Mineral associations and average oxidation
states of sorbed Pu on tuff. Environ. Sci. Technol. 33, 2163-2169.

Duff, M.C., Newville, M., Hunter, D.B., Bertsch, P.M., Sutton, S.R., Triay, I.LR., Vaniman, D.T., Eng, P.,
Rivers, M.L. (1999) Micro-XAS studies with sorbed plutonium on tuff. J. Synchrotron Rad. 6, 350-
352.

Elzinga, E.J., Reeder, R.J. (2002) EXAFS study of Cu*" and Zn*" adsorption complexes at the calcite
surface — Implications for site-specific metal incorporation preferences during calcite crystal growth.
Geochim. Cosmochim. Acta 66, 3943-3954.

Eng, P.J., Trainor, T.P., Brown, G.E., Jr., Waychunas, G.A., Newville, M., Sutton, S.R., Rivers, M.L.
(2000) Structure of the hydrated a-Al,O; (0001) surface. Science 288, 1029-1033.

Fein, J.B., Fowle, D.A., Cahill, J., Kemner, K., Boyanov, M., and Bunker, B. (2002) Nonmetabolic
reduction of Cr(VI) by bacterial surfaces under nutrient-absent conditions. Geomicrobiology Journal,
19, 369-382.

Fenter P., Park C., Cheng L., Zhang Z., Krekeler M. P. S., and Sturchio N. C. (2003) Orthoclase
Dissolution Kinetics Probed by In Situ X-ray Reflectivity: Effects of Temperature, pH and Crystal
Orientation, Geochim. Cosmochim. Acta, 67, 197-211.

Fenter, P. (2002) X-ray Reflectivity as a Probe of Mineral-Water Interfaces: A User Guide" in
Applications of Synchrotron Radiation in Low-Temperature Geochemistry and Environmental
Science, Edited by P. Fenter, M. Rivers, N. C. Sturchio and S. Sutton (Reviews in Mineralogy and
Geochemistry, Vol. 49), Geochemical Society 149-220.

Fenter, P., Teng, H., Geissbuhler, P., Hanchar, J.M., Nagy, K.L., Sturchio, N.C. (2000) Atomic-scale
structure of the orthoclase (001)-water interface measured with high-resolution X-ray reflectivity.
Geochim. Cosmochim. Acta 64, 3663-367.

Freethey, G.F., Naftz, D.L., Rowland, R.C., Davis, J.A. (2002) Deep Aquifer Remediation Tools: Theory,
Design, and Performance Modeling; Naftz, D.L., Morrison, S.J., Davis, J.A. and Fuller, C.C. (Eds.),
Academic Press, San Diego, pp 133-163.

Fuller C.C., Bargar, J.R., Davis, J.A., Piana, M.J. (2002) Mechanisms of uranium interactions with
hydroxyapatite: Implications for groundwater remediation. Environ. Sci. Technol. 36, 158-165.



Fuller, C.C., Bargar, J.R., Piana, M.J., Davis, J.A. (2003) Molecular-scale characterization of uranium
sorption by apatite materials from a permeable reactive barrier demonstration. Environ. Sci. Technol.
37, 4642-4649.

Hansel, C.M., Fendorf, S., Sutton, S., Newville, M. (2001) Characterization of Fe plaque and associated
metals on the roots of mine-waste impacted aquatic plants. Environ. Sci. Technol. 35, 3863-3868.
Hansel, C.M., LaForce, M.J., Fendorf, S.E. (2002) Spatial and temporal association of Fe and As species

on minewaste impacted aquatic plant roots. Environ. Sci. Technol. 36, 1988-1994.

Hunter, D.B., Bertsch, P.M., Kemner, K.M., Clark, S.B. (1997) Distribution and chemical speciation of
metals and metalloids in biota collected from contaminated environments by spatially resolved XRF,
XANES, and EXAFS. J. Phys. IV 7 (Colloque C2, X-ray Absorption Fine Structure, Vol. 2), 767-
771.

Kelly, S. D., Kemner, K. M., Fein, J. B., Fowle, D. A., Boyanov, M. 1., Bunker, B. A., Yee, N. (2002) X-
ray absorption fine structure determination of pH-dependent U-bacterial cell wall interactions.
Geochimica et Cosmochimica Acta., 66 3855-3871.

Kemner, K. M., S. D. Kelly, B. Lai, J. Maser, E. J. O’Loughlin, D. Sholto-Douglas, Z. Cai, M. A.
Schneegurt, C. F. Kulpa, Jr., K. H. Nealson (2004) Elemental and Redox Analysis of Single Bacterial
Cells by X-ray Microbeam Analysis. Science 306 686-687.

Labrenz, M., Druschel, G.K., Thomsen-Ebert, T., Gilbert, B., Welch, S.A., Kemner, K.M., Logan, G.A.,
Summons, R.E., De Stasio, G., Bond, P.L., Lai, B., Kelly, S.D., Banfield, J.F. (2000) Formation of
sphalerite (ZnS) deposits in natural biofilms of sulfate-reducing bacteria. Science 290, 1744-1747.

Lukens, W.W., Jr., Bucher, J.J., Edelstein, N.M., Shuh, D.K. (2002) Products of pertechnetate radiolysis
in highly alkaline solutions: Structure of TcO,*xH,0. Environ. Sci. Technol. 36, 1124-1129.

Manceau, A., Marcus, M.A., Tamura, N. (2002) Quantitative speciation of heavy metals in soils and
sediments by synchrotron X-ray techniques. In: Applications of Synchrotron Radiation in Low-
Temperature Geochemistry and Environmental Science, P. Fenter, S. Sutton, M. Rivers, N.C.
Sturchio (eds.), Rev. Mineral. Geochem. 49, 341-428.

Manceau, A., Tamura, N., Celestre, R.S., MacDowell, A.A., Sposito, G., Padmore, H.A. (2003)
Molecular-scale speciation of Zn and Ni in soil ferromanganese nodules from loess soils of the
Mississippi Basin. Environ. Sci. Technol. 37, 75-80.

Manceau, A., Tamura, N., Marcus, M.A., MacDowell, A.A., Celestre, R.S., Sublett, R.E., Sposito, G.,
Padmore, H.A. (2002) Deciphering Ni sequestration in soil ferromanganese nodules by combining X-
ray fluorescence, absorption and diffraction at micrometer scales of resolution, Am. Mineral. 87,
1494-1499.

McKinley, J. P., J. M. Zachara, S. M. Heald, A. Dohnalkova, M.G. Newville, S. R. Sutton (2004)
Microscale distribution of cesium sorbed to biotite and muscovite. Environ. Sci. Technol. 38, 1017-
1023.

Molecular Environmental Science and Synchrotron Radiation Facilities: An Update of the 1995 DOE
Airlie Workshop on Molecular Environmental Science. Report of a DOE Workshop held at SSRL on
January 17-18, 1997, Stanford, CA, SLAC-R-97-517, 59 p.

**Molecular Environmental Science: An Assessment of Research Accomplishments, Available
Synchrotron Radiation Facilities, and Needs. 2003 Report of EnviroSync (SLAC-R-704)
http://www.slac.stanford.edu/pubs/slacreports/slac-r-704.html

Molecular Environmental Science: Speciation, Reactivity, and Mobility of Environmental Contaminants.
An Assessment of Research Opportunities and the Need for Synchrotron Radiation Facilities. Report
of the DOE Molecular Environmental Science Workshop, July 5-8, 1995, Airlie Center, VA, SLAC-
R-95-477, 125 p.

Myneni, S.C.B., Brown, J.T., Martinez, G.A., Meyer-Ilse, W. (1999) Imaging of humic substance
macromolecular structures in water and soils. Science 286, 1335-1337.

Myneni, S.C.B., Tokunaga, T.K., Brown, G.E., Jr. (1997) Abiotic selenium redox transformations in the
presence of Fe(ILIII) hydroxides. Science 278, 1106-1109.



http://www.slac.stanford.edu/pubs/slacreports/slac-r-704.html

Myneni, S.C.B., Luo, Y., Naslund, L.A., Cavalleri, M., Ojamae, L., Ogasawara, H., Pelmenschikov, A.,
Wernet, Ph., Vaterlein, P., Heske, C., Hussain, Z., Pettersson, L.G.M., Nilsson, A. (2002)
Spectroscopic probing of local hydrogen-bonding structures in liquid water. J. Phys. Condensed
Matter 14, L.213-L219.

Peterson, M.L., Brown, G.E., Jr., Parks, G.A. (1996) Direct XAFS evidence for heterogeneous redox at
the aqueous chromium/magnetite interface. Colloids and Surfaces 107, 77-88.

Punshon, T., P. M. Bertsch, A. Lanzirotti, K. McLeod and J. Burger (2003) Geochemical signature of
contaminated sediment remobilization revealed by spatially resolved x-ray microanalysis of annual
rings of Salix nigra. Environ. Sci. & Technol. 37, 1766-1774.

Reeder, R.J., Nugent, M., Pabalan, R.T. (2001) Local structure of uranium(VI) sorbed on clinoptilolite
and montmorillonite. In: Cidu, R. (ed.), Water-Rock Interaction, A.A. Balkema Publishers, Lisse, The
Netherlands, pp 423-426.

Reeder, R.J., Nugent, M., Tait, C.D., Morris, D.E., Heald, S.M., Beck, K.M., Hess, W.P., and Lanzirotti,
A. (2001) Coprecipitation of uranium(VI) with calcite: XAFS, micro-XAS, and luminescence
characterization. Geochim. Cosmochim. Acta 65, 3491-3503.

Stegemann, J. A., Roy, A., Caldwell, R. J., and Schilling, P. J. (2000) Understanding environmental
leachability of electric arc furnace dust. J. Environ. Eng. 126, 112-20.

Steponkus, P.L., Uemura, M., Joseph, R.A., Gilmour, S.J., Thomashow, M.F. (1998) Mode of action of
the COR15a gene on the freezing tolerance of Arabidopsis thaliana. Proc. Nat. Acad. Sci. 95, 14570-
14575.

Sutton, S.R., P. M. Bertsch, M. Newville, M. Rivers, A. Lanzirotti, P. Eng (2002) Microfluorescence and
microtomography analyses of heterogeneous earth and environmental materials, Reviews in
Mineralogy & Geochemistry: Applications of Synchrotron Radiation in Low-Temperature &
Environmental Science, Mineralogical Society of America, Vol 49, 429-483.

Suzuki, Y., Kelly, S. D., Kemner, K. M., Banfield, J. F. (2002) Radionuclide contamination — nanometer-
size products of uranium bioreduction. Nature 419 134, 2002.

Templeton, A. S., T. P. Trainor, A. M. Spormann, M. Newville, S. R. Sutton, A. Dohnalkova, Y. Gorby,
and G. E. Brown, Jr. (2003) Sorption vs. biomineralization of Pb by Burkholderia cepacia biofilms.
Environ. Sci. Technol., 37 (2), 300 —-307.

Templeton, A.S., Trainor, T.P., Traina, S.J., Spormann, A.M., Brown, G.E., Jr. (2001) Pb(II) distribution
at biofilmmetal oxide interfaces. Proc. Nat. Acad. Sci. USA 98, 11897-11902.

Teng, H.H., Fenter, P., Cheng, L., Sturchio, N.C. (2001) Resolving orthoclase dissolution processes with
atomic force microscopy and X-ray reflectivity. Geochim. Cosmochim. Acta 65, 3459-3474.

Zachara, J.M., Ainsworth, C.C., Brown, G.E., Jr., Catalano, J.G., McKinley, J.P., Oafoku, O., Smith,
S.C., Szecsody, J.E., Traina, S.J., Warner, J.A. (2004) Chromium speciation and mobility in a high
level nuclear waste vadose zone plume. Geochim. Cosmochim. Acta 68, 13-30.



